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Introduction {#sec001}
============

Doxorubicin-induced cardiomyopathy (DOX-CM) is a severe complication of doxorubicin (DOX) treatment, a commonly used chemotherapeutic agent \[[@pone.0125209.ref001],[@pone.0125209.ref002]\]. Characterized by cumulative and irreversible myocardial damage, the pathogenesis has not been fully elucidated. Previous studies determined that DOX-CM was associated with free radical damage, calcium overload, iron metabolism abnormality, DNA damage and cell apoptosis induced by DOX \[[@pone.0125209.ref001],[@pone.0125209.ref003],[@pone.0125209.ref004]\]. However, most of these studies focused on specific biochemical or signaling pathways; additional research studies of a more comprehensive nature are scarce.

Metabolomics is the latest developed "omics," following genomics and proteomics. It studies both biological activity and gene regulation via an analysis of endogenous global metabolites found in both biological fluids and tissues \[[@pone.0125209.ref005]--[@pone.0125209.ref007]\]. It offers advantages such as high throughput detection in a limited sampling time, and may therefore allow researchers to explore changes in both biological activity and drug effects, which may represent a novel means by which to investigate the pathogenesis of DOX-CM \[[@pone.0125209.ref008]--[@pone.0125209.ref010]\].

Tan *et al*. used gas chromatography/mass spectrometry (GC/MS) based metabolomic technology to detect myocardial metabolic changes in mice at 72 hours following a single dose of DOX \[[@pone.0125209.ref011]\]. They identified 24 metabolites related to disturbances in myocardial energy metabolism. However, these metabolites were apparently associated with the acute phase of DOX treatment, during which heart structure and function do not change significantly. Therefore, the metabolic characteristics of DOX-CM remain unknown.

Shengmai Injection (SMI) is based on a famous Traditional Chinese Medicine (TCM), "Shengmai San (SMS)," which is officially recorded in Chinese Pharmacopoeia (version 2010) and has long been used to treat heart failure in China \[[@pone.0125209.ref012]--[@pone.0125209.ref014]\]. SMI consists of *ginseng*, *radix ophiopogonis* and *schisandra chinensis*, and may alleviate myocardial injury and heart dysfunction among patients treated with DOX and epirubicin (EPI) \[[@pone.0125209.ref015]--[@pone.0125209.ref017]\]. In rats with DOX-CM, it has been proven to exert cardioprotective effects via the inhibition of both myocardial oxidative stress and cardiomyocyte apoptosis \[[@pone.0125209.ref018],[@pone.0125209.ref019]\]. However, as a result of its multi-component and multi-target nature and comprehensive regulation, the pharmacological mechanisms underlying the effects of SMI remain obscure. The emerging field of metabolomics matches well with the holistic concept of TCM, which treats diseases via the restoration of body homeostasis, and represents a promising potential approach with which to explore the effects and pharmacological mechanisms of TCM including SMI \[[@pone.0125209.ref020]--[@pone.0125209.ref022]\].

In the present study, we investigated cardiac metabolic characteristics in rats with DOX-CM, as well as the therapeutic effects of SMI, using a metabolomic approach based on GC/MS and ultra-performance liquid chromatography/tandem mass spectrometry (UPLC/MS/MS). Furthermore, we performed a bioinformatics analysis via Ingenuity Pathway Analysis (IPA) to explore the possible pathogenesis of DOX-CM and the pharmacological mechanisms underlying SMI's actions.

Methods and Materials {#sec002}
=====================

Ethics Statement {#sec003}
----------------

All experimental procedures were approved by the Institutional Authority for Laboratory Animal Care of Xin Hua Hospital, Affiliated to Shanghai Jiao Tong University School of Medicine (Approval No. XHEC-F-2013-001), and conformed to the Guide for the Care and Use of Laboratory Animals, which was published by the National Institutes of Health (NIH publication, Eighth Edition, 2011).

Animals {#sec004}
-------

Sixty male Sprague-Dawley rats (250±11 g, eight weeks old) were purchased from SLAC Laboratories (Shanghai, China). All rats were housed under appropriate humidity (50--60%) and temperature (20--25°C), exposed to a 12-hour light and dark cycle, and fed standard chow and tap water ad libitum. The cages were kept dry and clean. The rats were randomized into a control group (n = 15), a DOX group (n = 15), an SMI group (n = 15) and a DOX + SMI group (n = 15). DOX (Sigma, Saint Louis, USA) was injected intraperitoneally (i.p.) via six equal injections (each containing 2.5 mg/kg DOX) within a period of two weeks, as described previously \[[@pone.0125209.ref023]\]. SMI (Hehuang, Shanghai, China) was injected i.p. via 12 equal injections (each containing the recommended 3 ml/kg dose of SMI) within a period of four weeks. In the DOX+SMI group, DOX was injected over a period of two weeks. SMI was injected one day before each DOX administration during the two weeks in question but was administered alone during the following two weeks. The control group received isometric saline. The rats were monitored three times a day during an eight-week follow-up period. The following steps were taken to minimize the suffering of the rats. First, the rats were handled gently to reduce their discomfort and distress. Second, non-invasive echocardiography was utilized to assess the rats' heart structures and function, as opposed to invasive hemodynamic testing. Third, anesthesia was administered prior to blood sample collection, echocardiography and animal sacrifice. Additionally, drug administration, anesthesia, testing and animal sacrifice were undertaken in separate rooms to avoid instilling fear in the other rats. Furthermore, the rats were treated humanely to minimize their suffering. Rats exhibiting symptoms of moribundity were euthanized. The signs and symptoms of moribundity were as follows: (a) impaired ambulation (unable to reach either food or water easily); (b) any obvious severe illness, including signs and symptoms such as lethargy (drowsiness, aversion to activity, a lack of physical or mental alertness), anorexia (loss of appetite, particularly prolonged behavior), bleeding, difficulty breathing, or chronic diarrhea; (c) an inability to remain upright; (d) either rapid weight loss or a net weight loss of more than 20% of body weight; and (e) unconsciousness or unresponsiveness to external stimuli.

Serum assay {#sec005}
-----------

Brain natriuretic peptide (BNP), a biomarker of congestive heart failure, is clinically used to assess the severity of heart dysfunction. Cardiac troponin I (cTNI), myoglobin and creatine kinase-MB (CK-MB) are biomarkers of myocardial injury. At the end of the follow-up period, the rats were anesthetized using chloral hydrate (300 mg/kg, i.p.), and their body weights were measured. They were subsequently placed on a warm platform. Blood samples were collected via the tail vein and centrifuged to obtain serum. The latter was stored at -80°C until needed. The serum concentrations of BNP, cTNI, myoglobin and CK-MB were detected using ELISA kits in accordance with the manufacturers' instructions (BNP Elisa Kit: Sigma, Saint Louis, USA; cTNI Elisa Kit: Guduo, Shanghai, China; Myoglobin Elisa Kit: Xinyu, Shanghai, China; CK-MB Elisa Kit: Uscnk, Wuhan, China).

Echocardiography {#sec006}
----------------

Following blood sample collection, transthoracic echocardiography was performed using a Vevo770 High-Resolution Micro-Ultrasound System (VisualSonics, Toronto, Canada), with a cardiac probe (RMV716). The rats were placed in the supine position after both the anterior and left lateral thoracic regions were shaved. Ultrasound transonic gel was placed on the thorax to optimize visibility. M-mode and two-dimensional echocardiographic images were recorded at the level of the papillary muscles. Left ventricular (LV) internal dimensions (LVID), LV anterior wall thickness (LVAW) and LV posterior wall thickness (LVPW) were measured during both systole and diastole. The ejection fraction (EF), fractional shortening (FS), LV volume at end-systole (LVESV) and end-diastole (LVEDV) were calculated using the above parameters.

Myocardium sample collection {#sec007}
----------------------------

Following echocardiography, the anaesthetized rats were euthanized according to the AVMA Guidelines for the Euthanasia of Animals (2013 Edition). Specifically, the unconscious rats were rapidly injected with potassium chloride (2 mmol/kg). Following the onset of cardiac arrest, the animals' hearts were harvested and weighed. The heart weight / body weight ratio was calculated. Portions of the ventricular myocardium were subsequently frozen using liquid nitrogen and kept at -80°C until needed for Western blotting and metabolomic analysis. The other samples were fixed with formalin for the Masson assay.

Masson assay {#sec008}
------------

A Masson assay was utilized to detect fibrosis within the cardiac tissue samples. Fresh myocardial tissues were fixed in 10% buffered formalin, embedded in paraffin, and cut into 5-μm thick sections. The sections were then stained with Masson's trichrome and observed under a microscope. Eight sights within each section were randomly selected; the fibrotic area within each section was measured and analyzed using a HMIAS Series Color Medical Image Analyze System (Champion Image Ltd., China).

Western blotting {#sec009}
----------------

Protein was extracted from cardiac tissue homogenates with ice-cold RIPA buffer and protease inhibitors (Roche, Basel, Switzerland). Protein concentrations were determined via a Bradford protein assay (Beyotime, Nantong, China). Equal amounts (30--50 μg) of protein were separated via 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After being blocked with 5% skim milk in Triethanolamine-Buffered Saline Solution with Tween (TBST), the membranes were incubated with a 1:1000 dilution of primary antibodies against Bax, Bcl-2 and caspase-3 (Cell Signaling Technology, Danvers, Massachusetts, USA) at 4°C overnight. Following three washes in TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling Technology, Danvers, Massachusetts, USA) at a 1:1000 dilution at room temperature for 1 hour. Following three washes in TBST, the protein bands were detected using enhanced chemiluminescence (ECL) reagents (Millipore, Billerica, MA) and quantified using the ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA, USA).

Metabolic profiling {#sec010}
-------------------

Frozen myocardial samples from each of the groups were submitted to Metabolon Inc. (Durham, NC, USA) for sample extraction and metabolomic analysis. Global metabolic profiling was performed via a combination of two independent platforms, GC/MS and UPLC-MS/MS. The detailed descriptions of the platforms, including instrumentation configurations, data acquisition and processing, compound identification and quantitation, have been described previously \[[@pone.0125209.ref024]--[@pone.0125209.ref026]\]. Briefly, the myocardial samples were extracted using methanol based solutions. The resulting extract was divided into the following two fractions: one for analysis via GC/MS and another for analysis via LC/MS.

For the GC/MS analysis, the extract was derivatized under dried nitrogen using bistrimethyl-silyl-triflouroacetamide. The GC column was 5% phenyl, and the temperature ramp was from 40 to 300°C within a 16-minute period. The samples were analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron impact ionization.

The UPLC-MS/MS platform was based on a Waters ACQUITY UPLC and a Thermo-Finnigan LTQ mass spectrometer, including an electrospray ionization source and a linear ion-trap mass analyzer. The extract was split into two aliquots and reconstituted in both acidic and basic LC-compatible solvents. One aliquot was analyzed using acidic positive ion optimized conditions, and the other, using basic negative ion optimized conditions in two independent injections, using separate dedicated columns. The MS analysis alternated between MS and data-dependent MS/MS scans using dynamic exclusion.

The biochemical molecules detected in the samples were identified via automated comparisons to Metabolon's reference library entries, including molecular ions, retention time, and MS/MS patterns of thousands of commercially available purified standard biochemicals tested using Metabolon's mass spectrometry platform. The combination of chromatographic properties and mass spectra gave an indication of a match to a specific metabolite.

Statistical data processing and analysis {#sec011}
----------------------------------------

The results of the weight, echocardiography and cardiac biomarker, fibrosis and apoptosis assays were presented as means ± SDs. The original metabolomic data were scaled via division with a median value after replacing missing values with the minimum observed values. The differences between any two groups were analyzed via independent t-tests, using SPSS 17.0 software (SPSS Inc., Chicago, USA). A *p*≤ A SS Inc., Chicago,statistically significant, and 0.05\<*p*\<0.10 was considered a modest difference. A principle component analysis (PCA) analysis was performed with the program "R" (version 2.15). A bioinformatics analysis was performed to investigate the interactions among differentially expressed metabolites and the possible pathogenesis of DOX-CM, as well as the pharmacological mechanisms of SMI, using IPA software (Ingenuity, Redwood City, USA), a web-based software that helps researchers to analyze, understand, and visualize the interplay among genes, proteins, metabolites, drugs, and normal cellular and disease processes \[[@pone.0125209.ref027]\].

Results {#sec012}
=======

General toxicity and heart weight {#sec013}
---------------------------------

At the end of the eight-week follow-up period, none of the rats in either the control group or the SMI group died. Eight rats (53.3%) in the DOX group survived, and 12 rats (80%) in the DOX + SMI group survived. The survival rate of the DOX group was significantly higher than that of the control group (*p*\<0.01). Compared with the DOX group, the survival rate of the DOX + SMI group increased but did not reach statistical significance at this time point (*p* = 0.12) ([Fig 1A](#pone.0125209.g001){ref-type="fig"}). The heart weight and LV weight of the DOX group were both significantly lower than the corresponding values of the other groups (*p*\<0.01, [Fig 1B and 1C](#pone.0125209.g001){ref-type="fig"}), whereas the heart weight / body weight ratio was slightly higher compared with the other groups (*p*\>0.05, [Fig 1D](#pone.0125209.g001){ref-type="fig"}).

![General appearance across all groups.\
a survival; b heart weight; left ventricular weight; d heart weight / body weight. Compared with the control group, \**p*\<0.01; compared with the DOX group, ^\#^ *p*\<0.05.](pone.0125209.g001){#pone.0125209.g001}

Myocardial biomarkers {#sec014}
---------------------

The serum concentrations of the cardiac biomarkers are included in [Fig 2](#pone.0125209.g002){ref-type="fig"}. A biomarker of congestive heart failure, the serum BNP concentration in the DOX group was significantly higher compared with the other groups at the end of eight weeks (*p*\<0.01). The serum BNP concentration in the DOX + SMI group was significantly lower compared with the DOX group (*p*\<0.01). The serum concentrations of cTNI, myoglobin and CK-MB of the DOX group were significantly higher than those of the control group (*p*\<0.05), whereas the concentrations of the DOX + SMI group were significantly lower than those of the DOX group, with the exception of myoglobin (*p*\<0.01). The myoglobin concentration of the DOX + SMI group was mildly lower than that of the DOX group (*p* = 0.07).

![The serum concentrations of the cardiac biomarkers across all groups.\
Compared with the control group, \**p*\<0.05; compared with the DOX group, ^\#^ *p*\<0.01.](pone.0125209.g002){#pone.0125209.g002}

Echocardiography {#sec015}
----------------

The changes in heart structure and function detected via echocardiography are included in both [Fig 3](#pone.0125209.g003){ref-type="fig"} and [S1 Table](#pone.0125209.s002){ref-type="supplementary-material"}. Briefly, in the DOX group, LVIDs and LVESV increased significantly (*p*\<0.01), whereas LVAWs, LVPWs, EF and FS decreased significantly compared with the control group (*p*\<0.01). In the DOX + SMI group, LVIDs, LVPWs, LVESV, EF and FS each improved significantly compared with the DOX group (*p*\<0.01).

![The echocardiographic parameters across all groups.\
a EF and FS; b LVIDs and LVIDd; c LVAWs and LVPWs; d LVESV and LVEDV. Compared with the control group, \**p*\<0.01; compared with the DOX group, ^\#^ *p*\<0.01.](pone.0125209.g003){#pone.0125209.g003}

Myocardial fibrosis {#sec016}
-------------------

The Masson assay demonstrated that DOX induced remarkable fibrosis in the myocardial tissues of rats, whereas SMI significantly decreased cardiac fibrotic area. As demonstrated in [Fig 4](#pone.0125209.g004){ref-type="fig"}, the ratio of fibrosis area in the DOX group was 7.6±0.52%, which was significantly higher than that of the control group (1.1±0.08%, *p*\<0.05). In the DOX + SMI group, the fibrotic ratio was 2.9±0.37%, which was significantly lower than that of the DOX group (*p*\<0.05).

![Myocardial fibrosis via the Masson assay.\
Compared with the control group, \**p*\<0.01; compared with the DOX group, ^\#^ *p*\<0.01.](pone.0125209.g004){#pone.0125209.g004}

Myocardial apoptosis {#sec017}
--------------------

The myocardial expression levels of the apoptosis related proteins (Bax, Bcl-2 and caspase-3) across all groups are included in [Fig 5](#pone.0125209.g005){ref-type="fig"}. The expression levels of both Bax and caspase-3 were significantly higher in the DOX group compared with the control group (*p*\<0.05), whereas anti-apoptotic Bcl-2 expression was significantly lower in the DOX group compared with the control group (*p*\<0.05). Moreover, the myocardial expression levels of both Bax and caspase-3 in the DOX + SMI group were significantly lower than those of the DOX group (*p*\<0.05), whereas Bcl-2 expression was higher compared with the DOX group (*p*\<0.05).

![The expression of the apoptosis related proteins across all groups.\
a Bax; b Bcl-2; c caspase-3. Compared with the control group, \**p*\<0.01; compared with the DOX group, ^\#^ *p*\<0.05.](pone.0125209.g005){#pone.0125209.g005}

Overview of cardiac metabolic profiling {#sec018}
---------------------------------------

A total of 264 metabolites of known identity were detected across all of the groups, which were mapped to eight super-pathways and 66 sub-pathways, according to the database from the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Human Metabolome Database (HMDB) ([Fig 6](#pone.0125209.g006){ref-type="fig"} and [S2 Table](#pone.0125209.s003){ref-type="supplementary-material"}). These super-pathways have been linked to the metabolism of amino acids, peptides, carbohydrates, energy, lipids, nucleotides, cofactors/vitamins and xenobiotics, covering each of the central metabolic pathways. The PCA demonstrated a distinct separation across the four groups, suggesting the existence of different metabolic characteristics among the treatments utilized ([Fig 7](#pone.0125209.g007){ref-type="fig"}).

![The metabolic pathways of 264 metabolites across all groups.](pone.0125209.g006){#pone.0125209.g006}

![A PCA score plot generated from 264 metabolites across all groups.](pone.0125209.g007){#pone.0125209.g007}

Metabolic profiling of the rats with DOX-CM {#sec019}
-------------------------------------------

Compared with the control group, 31 significantly altered metabolites and 19 modestly altered metabolites were observed in the rats with DOX-CM ([S3 Table](#pone.0125209.s004){ref-type="supplementary-material"}). Among them, 24 metabolites were upregulated, whereas the others were downregulated. These metabolites were primary involved in lipid, amino acid, vitamin and energy metabolism. A simplified schematic diagram of these metabolites is included in [Fig 8](#pone.0125209.g008){ref-type="fig"}. To further investigate the interactions among the altered metabolites and explore the possible pathogenesis of DOX-CM, a bioinformatics analysis was performed via an IPA, and a biological network was built by combining the metabolites and the pathways, in which important signaling molecules such as PI3K, AKT, AMPK, ERK, AKC, mTOR and NRF2, as well as enzymes such as SOD, GPX, CAT, GOT, ALT and eNOS, were included ([Fig 9](#pone.0125209.g009){ref-type="fig"}).

![A simplified schematic diagram of the metabolic changes induced by DOX-CM and SMI treatment.\
The red arrows represent DOX group versus the control group; the green arrows represent the DOX + SMI group versus the DOX group, \**p*\<0.05, 0.05\<^\#^ *p*\<0.10.](pone.0125209.g008){#pone.0125209.g008}

![The molecular network of DOX-CM via IPA.\
The metabolites are represented as colored nodes. The red nodes represent the significantly upregulated metabolites; the light red nodes represent the modestly upregulated metabolites; the green nodes represent the significantly downregulated metabolites; the light green nodes represent the modestly downregulated metabolites, and the gray nodes represent the unchanged metabolites. The transparent entries were molecules from the Ingenuity Knowledge Database. The biological relationship between two nodes is represented as a line. A solid line indicates a direct physical relationship between the corresponding molecules, whereas a dotted line indicates an indirect functional relationship.](pone.0125209.g009){#pone.0125209.g009}

Metabolic profiling of the SMI treatment of rats with DOX-CM {#sec020}
------------------------------------------------------------

Compared with the DOX group, 82 significantly altered metabolites and 25 modestly altered metabolites were observed in the rats with DOX-CM treated with SMI ([S4 Table](#pone.0125209.s005){ref-type="supplementary-material"}). Among them, 52 metabolites were upregulated, whereas the others were downregulated. Some of the altered metabolites in the DOX group, such as oxidized glutathione (GSSH) and cholesterol, were either reversed or attenuated via SMI treatment. The simplified schematic diagram of these metabolites is included in [Fig 8](#pone.0125209.g008){ref-type="fig"}. The integrated biological network of SMI treatment depicted via the IPA demonstrated more altered metabolites and possible interactions compared with the DOX action network ([Fig 10](#pone.0125209.g010){ref-type="fig"}).

![The molecular network of SMI treatment via IPA.\
The metabolites are represented as colored nodes. The red nodes represent the significantly upregulated metabolites; the light red nodes represent the modestly upregulated metabolites; the green nodes represent the significantly downregulated metabolites; the light green nodes represent the modestly downregulated metabolites, and the gray nodes represent the unchanged metabolites. The transparent entries were molecules from the Ingenuity Knowledge Database. The biological relationship between two nodes is represented as a line. A solid line indicates a direct physical relationship between the corresponding molecules, whereas a dotted line indicates an indirect functional relationship.](pone.0125209.g010){#pone.0125209.g010}

Discussion {#sec021}
==========

In rats with DOX-CM, a significant increase in serum cTNI, myoglobin and CK-MB, and increased caspase-3 and BAX to Bcl2 ratio were strongly suggestive of ongoing necrotic and apoptotic cell death. Moreover, remarkable cardiac remodeling and heart dysfunction occurred, as evidenced by significantly increased cardiac fibrosis and BNP levels, as well as diminished echocardiographic features. Furthermore, metabolic perturbations occurred in the rats with DOX-CM. The metabolomic analysis detected 264 metabolites associated with carbohydrate and energy metabolism, lipid metabolism, cofactor and vitamin metabolism, and amino acid and nucleotide metabolism. The metabolic characteristics were clearly distinguished across each of the different groups. The IPA demonstrated that important biochemical molecules such as AKT, AMPK and SOD were involved in the biological network associated with DOX-CM. Moreover, SMI attenuated the metabolic dysfunction caused by DOX and improved the myocardial injury and the heart structure and function of the rats with DOX-CM.

Cardiac energy metabolism undergoes remodeling in the setting of chronic heart failure. The oxidation of fatty acids was inhibited, whereas the utilization of glucose was increased \[[@pone.0125209.ref028],[@pone.0125209.ref029]\]. Accordingly, using the isolated perfused hearts of rats with DOX-CM, Carvalho *et al*. determined that energy substrates shifted from the preferential oxidation of fatty acids to the enhanced oxidation of glucose \[[@pone.0125209.ref030]\]. In accordance with these findings, cardiac glucose levels were modestly decreased in the DOX group of our study, suggesting the presence of an energy deficiency in the DOX-CM rats and the increased consumption of glucose. In the DOX + SMI group, the accumulation of multiple glycogen metabolites, including maltohexaose, maltopentaose, maltotetraose, maltotriose and maltose, may have been reflective of the catabolism of glycogen as a means of replenishing glucose, as glycogen is an immediate source of glucose that cardiac tissue may be utilized to maintain metabolic homeostasis. Moreover, the SMI-treated tissues possessed higher levels of the glycolytic intermediates glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P), and a significantly diminished level of phosphoenolpyruvate (PEP), which may be indicative of altered glycolysis. The elevated G6P and F6P levels may increase substrate availability for the activated pentose phosphate pathway (PPP), as demonstrated by the elevated ribose-5-phosphate level. The activated PPP facilitates NADPH regeneration for anabolic growth and glutathione (GSH) reduction, and reportedly sustains cardiac progenitor cell availability in the setting of diabetes \[[@pone.0125209.ref031]\]. Another study demonstrated that the pharmacological activation of the PPP alleviated oxidative stress and prevented the cell death associated with congestive heart failure \[[@pone.0125209.ref032]\]. Additionally, mitochondrial metabolism may also be impacted, as the tricarboxylic acid (TCA) cycle intermediate succinylcarnitine (surrogate for succinyl-CoA) differed significantly between the groups as demonstrated below. Succinylcarnitine declined significantly in the DOX group but increased in the DOX + SMI group, which suggests that SMI attenuated the disruption of the TCA caused by DOX.

Lipid metabolism is disrupted in the setting of DOX-CM \[[@pone.0125209.ref033],[@pone.0125209.ref034]\]. Cholesterol increased significantly in the DOX group, which may have been the result of a lipolysis blockade caused by DOX \[[@pone.0125209.ref011],[@pone.0125209.ref035]\]. In the DOX + SMI group, the cholesterol level declined with increases in the levels of bile acids such as cholate and deoxycholate, which may indicate that SMI improved cholesterol metabolism by increasing bile acid synthesis. Yao *et al*. observed that SMS lowered hepatic cholesterol and triglyceride levels and promoted bile acid excretion in rats receiving a high-cholesterol diet, which supported our findings to some extent \[[@pone.0125209.ref036]\].

Amino acids are important alternative energy substrates that may be transformed into intermediates of both glycolysis and the TCA, such as PEP and acetyl-CoA \[[@pone.0125209.ref037]\]. In the DOX group, the decreased glutamate and histidine levels were used to attenuate the ATP depletion caused by DOX. In the DOX + SMI group, valine, cysteine, phenylalanine, tyrosine, leucine and isoleucine decreased significantly, which suggests that SMI promoted the use of both glucogenic and ketogenic amino acids.

Oxidative stress is a key mechanism of DOX-CM \[[@pone.0125209.ref003],[@pone.0125209.ref038]\]. Oxygen radicals (ROS) induced by DOX triggers the formation of a disulfide bond with another oxidized molecule of GSH to form GSSH \[[@pone.0125209.ref039]\]. The GSSH level increased significantly in the DOX group, whereas it was decreased in the DOX + SMI group, suggesting that SMI scavenged the ROS produced by DOX. Notably, cysteine (the rate limiting metabolite in GSH biogenesis) and hypotaurine (produced via the reduction of excess cysteine) levels were decreased in the DOX + SMI group, suggesting that cysteine was utilized to synthesize GSH for free radical detoxification. Moreover, the elevated ophthalmate level noted in the DOX + SMI group may be indicative of cystathionine degradation as a means of supporting cysteine biogenesis to replenish GSH. Therefore, SMI may be beneficial for GSH maintenance.

Citrulline is made from ornithine in the urea cycle, or from arginine, as a by-product of nitric oxide (NO) formation. The latter is a potent cardioprotective molecule that exerts multiple effects, including the inhibition of oxidative stress \[[@pone.0125209.ref040],[@pone.0125209.ref041]\]. A previous study reported that NO levels were decreased in the setting of DOX-induced congestive heart failure \[[@pone.0125209.ref042]\]. Therefore, the modest decrease in citrulline levels noted in DOX group may have been reflective of a low level of NO in the setting of DOX-CM.

Xanthine, an intermediate in the degradation of adenosine monophosphate (AMP), plays an important role in the formation of ROS \[[@pone.0125209.ref043]\]. In the DOX group, the observed significant increase in the level of xanthine may have been reflective of oxidative stress. In the DOX + SMI group, the levels of xanthine and its precursor, hypoxanthine, decreased significantly; however, their upstream molecules, including inosine, adenosine and AMP, increased, suggesting that SMI inhibited the activity of inosine ribohydrolase, a key enzyme that catalyzes the conversion of inosine to hypoxanthine.

The levels of the multiple vitamins were altered following different treatments, including riboflavin, nicotinamide, ascorbate and α-tocopherol. As a naturally occurring antioxidant, riboflavin decreases oxidative damage \[[@pone.0125209.ref044]\]. In the DOX group, the noted modest increase in riboflavin may have been a compensatory response to oxidative stress. In contrast to riboflavin, nicotinamide, another antioxidant, decreased significantly in the DOX group. Nicotinamide improved left ventricular function by attenuating oxidative stress-mediated myocardial remodeling \[[@pone.0125209.ref045]\]. Therefore, the reduced nicotinamide may participate in the antioxidative response in DOX-CM. In the DOX + SMI group, the restoration of both riboflavin and nicotinamide may have been reflective of the attenuation of oxidative stress. Additionally, the DOX + SMI group exhibited significantly depleted antioxidants, ascorbate and α-tocopherol, suggesting that SMI promoted the utilization of ascorbate and α-tocopherol for antioxidation. Collectively, these findings suggest that vitamins play vital roles in attenuating the oxidative stress induced by DOX and that SMI protects heart tissue via the modulation of vitamin metabolism.

To further explore the interactions among the altered metabolites and the possible pathogenesis of DOX-CM, a biological network was built via an IPA, a network in which several important signaling molecules and enzymes were involved ([Fig 9](#pone.0125209.g009){ref-type="fig"}). AKT was a major hub molecule in this network. PI3K-AKT is activated by other signaling molecules such as mTOR and PKC \[[@pone.0125209.ref046],[@pone.0125209.ref047]\]. On another hand, AKT participates in downstream multi-pathways. For example, as demonstrated in [Fig 9](#pone.0125209.g009){ref-type="fig"}, AKT influences downstream ERK1/2 and GSK3β, which promotes both the phosphorylation and the nuclear translocation of NRF2 and results in the activation of antioxidases such as SOD, GPX, CAT and GST \[[@pone.0125209.ref048]--[@pone.0125209.ref050]\]. Previous studies have proven that the dephosphorylation of both AKT and ERK1/2 by DOX was related to myocardial injury, whereas the phosphorylation of both AKT and ERK1/2 by dexrazoxane ameliorates DOX-induced cardiotoxicity \[[@pone.0125209.ref051],[@pone.0125209.ref052]\]. Some antioxidases, including SOD, GPX, CAT and GST, were reportedly inhibited by DOX in previous studies \[[@pone.0125209.ref053]--[@pone.0125209.ref055]\]. Given the above biological network and experimental evidence, we hypothesized that DOX induces cardiac oxidative insults partially by the inactivation of antioxidases via the inhibition of AKT-ERK1/2-NRF2 signaling. However, this pathway and its relationships with surrounding metabolites in the network must be explored further.

AMPK is an additional major hub molecule. The activation of AMPK promotes glucose uptake, glycolysis, fatty acid oxidation and mitochondria biogenesis. Moreover, AMPK plays an important role in cellular redox balance \[[@pone.0125209.ref056],[@pone.0125209.ref057]\]. Cheng *et al*. reported that the activation of AMPK by resveratrol inhibited the formation of ROS induced by NADPH oxidase \[[@pone.0125209.ref058]\]. Silencing AMPKα1 reportedly decreases the expression of SOD, CAT and gamma-glutamylcysteine synthase in endothelial cells \[[@pone.0125209.ref059]\]. Wang *et al*. observed that DOX inhibited AMPK signaling in mouse embryonic fibroblasts and cardiomyocytes \[[@pone.0125209.ref060]\]. Given the above biological network and experimental evidence, we speculated that DOX aggravated cellular energy deficits and oxidative stress via the inhibition of AMPK signaling, a hypothesis that warrants further investigation using molecular biology techniques.

Our study demonstrated that SMI improved cardiac function and structure, and attenuated metabolic derangements in rats with DOX-CM. The underlying pharmacological mechanisms may be multifold. First, SMI improved energy metabolism in the setting of DOX-CM by promoting glycogenolysis, glycolysis and the utilization of both glucogenic and ketogenic amino acids. Second, SMI regulated redox-related molecules, including GSSH, cysteine and ascorbate, suggesting that it exerts multiple antioxidative effects via GSH maintenance and vitamin absorption and utilization. Moreover, a recent study demonstrated that SMI protected against oxidative stress by increasing SOD expression and reducing iNOS expression \[[@pone.0125209.ref061]\]. Additionally, the biological network of SMI treatment demonstrated many possible interactions between the altered metabolites and the pathways, providing new clues regarding the pharmacological mechanisms of SMI, which warrant exploration.

In the DOX group of our study, 31 significantly altered metabolites and 19 modestly altered metabolites were detected, which may have been reflective of the chronic-phase effects of DOX and a concomitant state of heart failure. Most of these metabolites were different than those noted by Tan *et al*. \[[@pone.0125209.ref011]\], as their findings may have represented the effects of acute DOX cardiotoxicity. Among the 24 altered metabolites noted by their research study, only cholesterol and alanine exhibited changes similar to those noted in our study, whereas the others did not change significantly in our study, which may indicate that the acute metabolic changes caused by DOX were attenuated during the chronic phase.

There were several limitations to our study. First, although cardiac metabolism was the primary focus regarding the effects of DOX-CM, studying the accompanying metabolic changes in the serum, urine, feces, liver and kidney may be beneficial. However, due to funding limitations, we were unable to pursue these studies. Second, to comprehensively understand the metabolic characteristics of DOX-CM and SMI treatment, three metabolites approaching statistical significance (0.05\<*p*\<0.10) were carefully discussed above, specifically glucose, citrulline and histidine, providing new clues regarding future areas of study. However, the description of these metabolites should be viewed cautiously and warrants further exploration. Third, although the biological networks built by IPA exhibited many possible interactions among the included metabolites and signaling pathways, the present study could not draw any conclusions regarding said relationships; therefore, they must be studied further using molecular biology techniques. Fourth, the present study investigated the metabolic profiling of rats with DOX-CM. Due to the complexity of the observed metabolic changes, the integration of metabolomics with other "omics" such as proteomics and transcriptomics may be helpful in providing us with a more comprehensive and deeper understanding of DOX-CM. Finally, although SMI improved cardiac function and structure and attenuated the metabolic perturbations of the rats with DOX-CM, the increased survival rate did not reach statistical significance at the end of the eight-week follow-up period (*p* = 0.12). Studies with longer follow-up periods and larger sample sizes are necessary to further explore the effect of SMI on survival.

Conclusions {#sec022}
===========

There were significant cardiac metabolic disturbance noted in the rats with DOX-CM, which primarily involved lipid, amino acid, vitamin and energy metabolism, and may have been reflective of the energy disruption and oxidative stress induced by DOX. Furthermore, SMI may be a useful agent in treating the cardiac damage induced by DOX, as it may alleviate cardiac remodeling and improve both cardiac function and the metabolic perturbations of rats with DOX-CM. The possible mechanism underlying these effects may be related to the improvement of energy metabolism and the attenuation of oxidative stress. Moreover, the IPA demonstrated that several important signaling molecules and enzymes interacted with the altered metabolites, which may play important roles in both DOX-CM pathogenesis and the effects exerted by SMI treatment, and may provide new clues worth exploring in subsequent studies. These findings have expanded our knowledge regarding the metabolic characteristics of DOX-CM, provided new insights into DOX-CM pathogenesis and SMI effects, and suggested that the combination of metabolomic analysis and IPA may represent a promising tool with which to explore and better understand both heart disease and TCM therapy.
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